A lumped three-reaction kinetic model for off-gas emissions of stored wood pellets in sealed containers has been developed, accounting for the formation of CO and CO 2 and the depletion of O 2 . Off-gas emission data at different conditions were used to extract kinetic model parameters by numerically fitting the proposed model equations. The fitted kinetic model parameters for different cases showed consistency with one another. With properly estimated model parameters, the current kinetic model can be used to predict off-gas emissions, oxygen depletion, and the buildup of toxic air pollutants in wood pellet storage containers/vessels.
INTRODUCTION
Due to more and more stringent emission regulations and the depletion of conventional fossil fuels, clean and renewable energy sources are being developed worldwide. To many people, the most familiar forms of renewable energy are wind and solar, although biomass supplies almost 15 times as much energy in the USA as wind and solar power combined in 2004 and has the potential to supply much more (Simmons, 2008) . Biomass energy accounts for <1% of total energy used in Canada, although in some areas (e.g. British Columbia, Ontario, Québec, Prince Edward Island, New Brunswick), forest industries supply wood waste, wood chips, and pellets to nearby industrial and residential customers and power plants (Cruickshank et al., 2010) . Compared with coal, the use of biomass pellets can reduce NO x emissions by 40−47% and SO x emissions by 76−81%, and a pellet price of Canadian $100/ton can lead to a mitigation cost of $34/ton of CO 2 equivalent for co-firing 10% pellets at a coal power plant in Canada (Zhang et al., 2009 ).
Marine transportation is one of the main routes of international trade for wood pellets. According to Svedberg et al. (2009) , the risks associated with the transportation of seemingly harmless wood products were neither well known nor properly understood until a fatal accident happened in 2006 in the port of Helsingborg, that resulted in the death of a sailor. Since 2002, there have been more than eight fatal accidents resulting from off-gas emissions from stored wood pellets in ocean vessels and storage areas and a significant oxygen-deficit atmosphere, leading to the death of nine people and the permanent injury of three people (S. Melin, personal communication) .
Previous studies (Kuang et al., 2008 (Kuang et al., , 2009a Reuss and Pratt, 2000; Svedberg et al., 2004 Svedberg et al., , 2008 showed that long-term storage of wood pellets in confined spaces could lead to life-threatening levels of carbon monoxide and significant oxygen-deficit atmosphere. Gases such as CO, CO 2 , CH 4 , and other organic compounds (e.g. hexanal) are commonly identified in the off-gases from biomass decomposition (Arshadi and Gref, 2005) . Besides a few recent experimental investigations, studies? on off-gas of stored wood pellets are still scarce. Kuang et al. (2008) developed a simple kinetic model by fitting a first-order reaction scheme to their measured CO, CO 2 , and CH 4 emission data. Pa and Bi (2010) recently applied Kuang et al. (2008) kinetic equations in a two-compartment reactor model to simulate the buildup of off-gases in ocean storage vessels of wood pellets during marine transportation from Vancouver to the Netherlands.
Both the experimental data from marine vessels (Svedberg et al., 2008 (Svedberg et al., , 2009 and the model simulation (Pa and Bi, 2010) demonstrated that oxygen plays a significant role in the off-gas emission, and a large amount of depleted oxygen from the sealed wood pellet containers cannot be properly accounted for if CO and CO 2 are considered as the only final oxidation products as assumed in the Kuang et al. (2008) kinetic model. To improve the prediction of off-gassing in wood pellet storage containers, advanced kinetic models that account for the oxygen participation need to be developed. This article aims at developing a new kinetic model based on available experimental data (Kuang et al., 2009a (Kuang et al., , 2009b at different container headspaces (HS) or initial amount of oxygen, storage temperatures, initial O 2 concentrations, and relative humidity (RH).
A KINETIC MODEL AND EXPERIMENTAL SETUP
The emissions of CO, CO 2 , and other hydrocarbons in all forms (gas, liquid, or solids) are all related to the degradation of wood pellets, either thermochemically or biologically. The oxidation of natural lipids and other unstable organic materials that are naturally present in wood pellets to some intermediate compounds has been suggested by Svedberg et al. (2008) as a possible explanation for the unaccounted depletion of oxygen in the storage space. Due to the lack of specific off-gassing reaction kinetic pathways, a simplified lumped kinetics approach is adopted in the current work. In general, we consider that pellets in a sealed container can be directly oxidized by oxygen to CO (reaction 1) and CO 2 (reaction 2) and can also be decomposed anaerobically into hydrocarbons in the absence of O 2 . It is assumed that O 2 is first adsorbed to the wood pellet surface and then reacts with biomass to generate some oxygenated intermediates in both liquid and solid form. Because only a small amount of hydrocarbon gases (CH 4 ) was found in the experiments (Kuang et al., 2009a) , the reactions leading to the formation of gaseous hydrocarbons are neglected in the current kinetic model. As the off-gassing reactions are slow reactions, which take place over a time period of weeks, we assume that the pellets oxidation to the solid and liquid intermediate (reaction 3) is the rate-limiting step compared with the oxygen adsorption, which is confirmed from the fitted kinetics presented in Results and Discussion.
Furthermore, reaction 1 is considered as a halforder reaction and reactions 2 and 3 as first-order reactions based on limited experimental evidence of Kuang et al. (2009a) , who showed that the initial reaction rate for CO 2 formation increased almost linearly with the O 2 concentration (i.e. d [Cox] /dt  [O 2 ]), but nonlinearly for the initial CO formation rate. On the other hand, most hydrocarbon partial oxidation reactions have been found to be approximately first-order reactions:
In reaction (3), oxygen is first adsorbed onto the biomass surfaces to become adsorbed O 2 * , followed by reactions with biomass to form oxygenated hydrocarbon intermediates. k O 2 is a global rate constant accounting for both oxygen adsorption and its subsequent reaction with biomass to produce the oxygenated intermediates. The overall depletion of oxygen in the system is represented by Kuang et al. (2009a Kuang et al. ( , 2009b reported the measured pollutant concentrations (in ppmv) for a given mass of pellets in a sealed container illustrated in Fig. 1 and investigated the effects of temperature, initial oxygen level, RH, and reactor HS (or gas-tosolid volume ratio). For convenience, the reaction rate in this study is defined on the basis of unit mass of wood pellets:
where, n i is the moles of component i and
r is the mass of wood pellets in the container. Furthermore, the following terms are defined to relate the measured concentration data to the above defined terms for each component i: = V V , assumed to be 0.6 in this study HS-headspace within the container,
Along with
and HS:
and HS: = = ( )
, the reaction rate of component i can be further expressed as
where,
Combining equations (1)- (5), differential reaction rate equations are obtained for CO, CO 2 , and O 2 :
. (8) Along with data collected in the experiments, equations (6)-(8) were solved numerically to determine the kinetics parameters k k k CO CO 2 O and , , 2 by least-square regression, involving the minimization of the mean sums of squares of errors or residuals between the calculated and measured reactants concentrations. Runge-Kutta method was employed to solve the above equations, and Gaussian-Newton/Levenberg-Marquardt algorithms were used as the method for parameters optimization. All experimental data under different operating conditions and used in the current analysis are summarized in Table 1 . The pellet properties and reactor configurations are described briefly below, with details reported in Kuang et al. (2008 Kuang et al. ( , 2009a Kuang et al. ( , 2009b .
All pellets were provided from a pellet mill in British Columbia, Canada. The raw material of the wood pellets was fresh pine sawdust and planer shavings. The moisture content of the pellets as received was 5.03-5.10 w.t.% (wet mass basis). The bulk density of the pellets was 680-760 kg m −3 . Twelve 10-l plastic containers (200 mm in diameter and 320 mm in height) were used to study the gas emissions by loading different weights of wood pellets at different temperatures. Another set of eight (2  4 replicates) 10-l plastic containers was used to investigate the effects of RH and temperature on off-gas emissions. Two containers were loaded with 3.5 kg of wood pellets (50 vol.% of container volume). A 500-ml dish was filled with water and placed on the bottom of one of the containers to create a humid environment. The wood pellets were loaded on a screen mesh (diameter 1 mm) installed above the water-filled dish. Four groups of containers with the same set were sealed airtight and set at temperatures of 283K, room temperature (293-298K), 308K, and 318K. A wireless temperature and moisture sensor was placed inside the container on top of the wood.
Five 45-l steel containers (305 mm in diameter and 610 mm in length) were used to investigate the effect of initial oxygen levels. The ratio of the HS volume over the container volume was set at 85 vol.% for all containers with a load of 4.5 kg wood pellets. N 2 from a gas cylinder was used to adjust the O 2 level within the containers to the preset values of 0, 5, 10, 15, and 20 vol.%, respectively. All the containers were sealed airtight and set at room temperatures (i.e. 23 ± 2°C).
During the experiments, 10 ml of gas samples were drawn daily from the containers by a syringe. The composition of the sampled gas was analyzed by gas chromatographic method [Hydrogen Flame Ionization Detector (FID) and Thermal Conductivity Detector, (TCD)] using a GC-14A (SHIMADZU CORPORA-TION, Japan) to quantify the concentrations of CO, CO 2 , CH 4 , O 2 , and N 2 . Duplicated samples were also measured by gas chromatography (GC).
RESULTS AND DISCUSSION

Fitting of HS-temperature data
Equations (6)- (8) are solved simultaneously to match the data collected in HS and temperature , from fitting are tabulated in Table 2 and are plotted in Fig. 3a as a function of temperature at all HS ratios. Ninety five percent confidence bands are also shown in Fig. 3a . b A 500 -ml water-containing dish was placed at the bottom of the containers. The RH cannot be controlled very precisely at a specific value.
Fig. 2.
Comparison between fitted and experimental data for a typical set of data. All gas concentrations are in %volume. It is seen from Fig. 3a that the rate constant data fall closely into linear relationships for all three reactions when plotted with −lnk versus 1/T. Compared with temperature, HS ratio can be viewed as having only a secondary influence on the reaction rate constants, with no clear trend of impact. As a result, all kinetic rate constant data at different HS ratios are correlated to obtain the activation energy for each reaction in Fig. 3b .
When the relationship between lnk O 2 and 1/T in Fig. 3 is further examined, it can be found that k O 2 also increases with T, which supports our postulation that oxygen adsorption is not the overall rate-controlling step in reaction 3. Instead, reactions between adsorbed O 2 with the biomass to generate oxygenated liquid and solid intermediates are the likely controlling step. If oxygen adsorption is the rate-controlling step, then k O 2 should have decreased with the increase in temperature because gas adsorption rate constant is inversely proportional to temperature.
Activation energy (E a ) and pre-exponential factor (A) are determined by linear fitting of the data plotted in Fig. 3b , with the results given in Table 3 . It is seen that the activation energy for the formation of CO and CO 2 ranges from 125 to 127 kJ mol −1 , which is higher than 95 kJ mol −1 for the O 2 conversion. The order of the activation energies for the three biomass degradation reactions are also in line with typical values for the oxidation of hydrocarbons. Figure 4 shows an example of fitted results at room temperature (25°C) and a HS of 85 vol.% with an initial oxygen level of 5 vol.%, with all other results given in supplementary data at Annals of Occupational Hygiene online. Fitted reaction rate constants are tabulated in Table 4 (Note: data of 0 and 5 vol.% initial O 2 level were obtained from a test different from those of 10-20 vol.%). As expected, initial oxygen level seems not to have a clear impact on the reaction rate constants because theoretically the reaction rate constant should only depend on the reaction temperature but not reactant concentrations.
Fitting of initial O 2 level data
Because all tests were carried out under a constant room temperature, no k~T profiles can be obtained.
The average values of fitted rate constants are then compared with other results later.
Fitting of RH-temperature data (RH tests)
The same fitting process was applied to experimental data obtained at different RH and temperatures, with one of the fitted results shown in Fig. 5 and all others provided in supplementary data at Annals of Occupational Hygiene online. Again the model fitted the data reasonably well to give satisfactory reaction rate constants. Figure 6 shows the fitted reaction rate constants, with all values tabulated in Table 5 , which also provides good linear relationships between −lnk and 1/T. The results in the figure also confirm that RH and oxygento-pellet-mass ratio only have a secondary effect 127.3 ± 7.4 −27.6 ± 3.0 O 2 97.2 ± 9.5 −17.5 ± 3.8
The unit of A is identical to that of reaction rate constant : m kg pellet s on the reaction rate constants compared with the temperature.
Activation energy and pre-exponential factor for low and high RH are obtained by linear regression of the low and high RH kinetic rate constants in Fig. 6 , respectively, with the results summarized in Table 6 . As expected from a reaction kinetics point of view, the activation energy is seen not to be sensitive to RH of the storage container.
When the values of apparent reaction rate constants in Table 5 are further examined, it is noticed that for most cases, the rate constants at higher RH are generally higher than that at low RH. This is consistent with Kuang et al. (2009b) , who reported that high storage humidity could always cause higher emissions of CO 2 , CO, and CH 4 . She further speculated that high RH contributes to the accelerated biological decomposition process during storage.
Increasing RH has been found to be able to speed up many chemical reactions in different ways, such as changing the pH value of environments in catalyzed oxidization of SO 2 (Freiberg, 1974) , and altering the reaction pathways in gas-solid photocatalytic oxidation of Volatile Organic Compounds (VOCs) (e.g. toluene; Guo et al., 2008) . Zhang et al. (2008) also found that the degradation reaction rate for a novel propellant becomes greater with the increase of RH.
Theoretically, reaction rate constants should be only a function of temperature but independent of initial reactant (O 2 , CO 2 , etc.) concentrations. Reaction rate constants obtained from similar temperatures should thus be close to each other no matter how different the other operating conditions such as pellet loading ratios and initial oxygen concentrations are. Comparisons between Figs. 3 and 6 show that the two groups of reaction rate constants obtained from two sets of totally different containers at different conditions (e.g. container size and material, HS, RH) are very similar to each other within a 95% confidence band.
Furthermore, when the reaction rate constants obtained from initial oxygen level test data are added to Fig. 3 , they fall into the 95% confidence bands (see Fig. 7) , showing the consistency of the kinetic rate constants from different tests.
Based on all experimental data analyzed, it appears that the simple lumped kinetic model put forward in this article can capture the off-gassing process well. Equations (6)- (8) along with fitted kinetic parameters and initial conditions can thus be applied to predict the time evolutions of CO, CO 2 , and O 2 concentrations within sealed containers. Before the specific off-gassing reaction scheme is established, this simple lumped kinetic model can be applied to evaluate the impacts of different operating conditions, such as the pellet load ratio, initial oxygen concentration via inert gas injection, on the off-gas emissions, oxygen depletion, and the buildup of toxic gases in the pellet storage space.
CONCLUSION
CO and CO 2 emissions from British Columbia wood pellets stored in sealed containers are directly related to the consumption of O 2 . A simple lumped three-reaction kinetic model with kinetic parameters fitted with reported experimental data show improved agreement compared with the previous models without the consideration of O 2 effect. More experiments at different storage temperatures and RH need to be carried out for improving the current model. Research on O 2 adsorption and its reaction with biomass to generate intermediate liquid and solid products is also needed to elucidate the mechanism of oxygen depletion and biomass oxidation.
The off-gassing kinetics of wood pellets varies from batch to batch, highly dependent on the properties of the biomass and the age of the sawdust and pellets, as observed in laboratory experiments. This calls for a standardized test method and test kit for characterizing off-gassing behavior of each batch pellet sample to ensure its safe storage and transportation.
Further experimental work is needed to investigate the role of the amount of water vapor on biomass degradation. To incorporate such a secondary effect in the reaction kinetics, the current reaction scheme may also need to be modified. 
